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4XLHWSRZHUIUHHFRROLQJV\VWHPHQDEOHGE\ORRSKHDWSLSH 
/L]KDQ%DL-LQJZHL)X*XLSLQJ/LQ&KHQJVKXDQJ=KRX'RQJVKHQJ:HQ 
/DERUDWRU\RI)XQGDPHQWDO6FLHQFHRQ(UJRQRPLFVDQG(QYLURQPHQWDO&RQWURO6FKRRORI$HURQDXWLF6FLHQFHDQG(QJLQHHULQJ
%HLKDQJ8QLYHUVLW\%HLMLQJ35&KLQD 
&ROOHJHRI0DWHULDOV6FLHQFHDQG(QJLQHHULQJ=KHMLDQJ8QLYHUVLW\RI7HFKQRORJ\+DQJ]KRX35&KLQD 
6FKRRORI&KHPLFDODQG3URFHVV(QJLQHHULQJ8QLYHUVLW\RI/HHGV/HHGV/6-78. 
$EVWUDFWφ/RRS KHDW SLSH /+3 LV D TXLWH SURPLVLQJ WZRSKDVH KHDW WUDQVIHU GHYLFH KROGLQJ VLJQLILFDQW
DSSOLFDWLRQ SRWHQWLDO LQ WKH PRGHUQ HOHFWURQLFV FRROLQJ ,Q WKLV ZRUN D /+3EDVHG FRROLQJ V\VWHP KDV EHHQ
GHYHORSHGZKLFK IHDWXUHV QRSRZHU FRQVXPSWLRQ DQGQRQRLVH WDNLQJ IXOO DGYDQWDJHRI/+3¶V HIILFLHQW ORQJ
GLVWDQFHKHDW WUDQVSRUWFDSDELOLW\7KHKHDWVRXUFHZDVVLPXODWHGE\DILOPHOHFWULFUHVLVWDQFHKHDWHUZKLFKZDV
FRQQHFWHGWRWKHF\OLQGULFDOHYDSRUDWRURIWKH/+3WKURXJKDQDOXPLQXPVDGGOH7KHFRQGHQVHUOLQHZDVHPEHGGHG
LQWRWKHERWWRPVXUIDFHRIDILQUDGLDWRUZLWKDUHODWLYHO\ODUJHYROXPHZKHUHKHDWGLVVLSDWLRQWRWKHDPELHQWZDV
FRPSOHWHO\LQWKHIRUPRIDLUQDWXUDOFRQYHFWLRQ([WHQVLYHH[SHULPHQWVRQWKLVFRROLQJV\VWHPZHUHFRQGXFWHG
PDLQO\IRFXVLQJRQLWVVWDUWXSDQGV\VWHPWKHUPDOUHVLVWDQFH([SHULPHQWDOUHVXOWVVKRZWKDWWKLVFRROLQJV\VWHP
FDQVXFFHVVIXOO\UHDOL]HWKHVWDUWXSZLWKDYHU\VPDOOKHDW ORDG:LWKWKHILOPKHDWHU WHPSHUDWXUHQRWH[FHHGLQJ
ć WKLVFRROLQJV\VWHPFDQGLVVLSDWHDKHDW ORDGXSWR:WRWKHDPELHQWDWD WHPSHUDWXUHDERXWć
FRUUHVSRQGLQJ WR D V\VWHP WKHUPDO UHVLVWDQFH DERXWć: ,Q DGGLWLRQ WKLV FRROLQJ V\VWHPH[KLELWHGYHU\
VWURQJDQWLJUDYLW\FDSDELOLW\:LWKDQDGYHUVHHOHYDWLRQRIPWKHFRROLQJV\VWHPFDQUHDOL]HQRUPDORSHUDWLRQ
DQGQRREYLRXVSHUIRUPDQFHGHFD\ZDVREVHUYHGH[FHSWDQLQFUHDVHGRSHUDWLQJWHPSHUDWXUHDWVPDOOKHDWORDGV 
.H\ZRUGVORRSKHDWSLSHFRROLQJVWDUWXSKHDWWUDQVIHUH[SHULPHQW 
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,QWURGXFWLRQ 
With the rapid development of modern electronic and telecommunication industry, electronics cooling is increasingly 
becoming an issue to be resolved, and sometimes even a bottleneck restricting the further development of device 
miniaturization and/or power upgrade [1-3]. That is because electronics cooling is of great importance in maintaining 
the normal operation of the electronic devices and modules, especially when the power density is relatively large. With 
the increase of the operating temperature, both the operating performance and reliability of electronic devices decrease; 
and once the device temperature exceeds its maximum allowable value, an operation failure will occur. In particular, at 
very high temperatures even a burn-out may happen, causing serious unexpected accidents. As the heat generated from 
the electronic devices keeps an ever-growing trend, it continuously imposes new challenge to the cooling technology. 
Traditional electronics cooling methods mainly include air natural convection, air forced convection, and liquid 
cooling through conventional or micro channels. Air natural convection consumes no power, but it is only applicable 
when the heat generated is very small, such as the cooling of power cable, desktop monitor and smart phone. For air 
forced convection, it is the most popular cooling technology, which is widespread in the cooling of the CPU of the 
desktops. A fan or blower is needed where a certain power consumption is necessary, and its cooling capacity is 
intermediate. When the cooling capacity is relatively large, large noise may be produced from this cooling system, due 
to considerably increased wind quantity per unit time. Liquid cooling refers to cooling by means of the circulation of a 
liquid coolant. Because the thermal conductivity and heat capacity of liquid are generally far larger than those of air, the 
cooling capacity for liquid cooling can be very large. Especially when the micro channels are employed, liquid cooling 
can become a very efficient cooling technology [4-5]. However, for a liquid cooling system, a pump is indispensable to 
circulate the working fluid, and a fan is also required to dissipate the heat absorbed by the liquid to the ambient eventually. 
In addition, possible liquid leakage also presents a risk, and sealing and pump lifespan are the mainly two concerns for 
this system. 
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To address the increasingly severe cooling issue, various heat pipe-integrated cooling systems have been developed 
and studied recently [6-7]. Xiao et al. proposed a U-shaped heat pipe cooling system with a fan to solve the thermal 
management problem of high-power LEDs [8]. With increased airflow rate produced by the fan, the thermal 
performance of the system can be improved significantly, having the advantages of strong cooling capacity, simple 
structure and easy installation. The experimental results showed that the substrate temperature could maintain as low as 
25 ć when the combination of the heat pipe and fan was adopted. As long as the proper ambient temperature and air 
flowrate were available, the LED junction temperature can be well controlled. Weng et al. experimentally studied the 
heat pipes with phase change materials for electronic device cooling [9]. A storage container containing a phase change 
material on the heat pipe can store and release the thermal energy. Compared with conventional heat pipes without heat 
storage materials, the heat pipe module with tricosane as PCM cooling module could save 46% of fan power 
consumption, and reduce the heater temperature by an average of 12.3ć. Tran et al. used heat pipes for the cooling of 
lithium-ion batteries of hybrid and electric vehicles [10]. The heat pipe was coupled to the confined ventilation structure 
to maintain the battery temperature within an optimum range and uniform the temperature distribution. The study found 
that the association of heat pipe cooling with chimney ventilation can significantly improve the heat rejection without 
any power consumption.  
For the current heat pipe-integrated cooling system, it possesses excellent cooling performance and thus receives wide 
applications. However, it is only applicable when the cooling space is very adjacent to the heat source, and the heat pipe 
evaporator must be installed horizontal with or lower than its condenser. Because for conventional heat pipe, its long 
distance heat transport capability is not strong, caused by its inherent structural characters such as the arrangement of 
the microporous wick throughout the body. At the same time, the anti-gravity operation will also cause severe 
performance degradation to this system due to insufficient liquid supply to replenish the evaporator wick. In the case to 
overcome long distance heat transport and anti-gravity operation, the employment of a loop heat pipe (LHP) is a perfect 
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choice. Its long distance heat transport capability and flexibility in design as well as strong antigravity capability could 
offer many advantages compared with traditional heat pipes. 
Currently, LHP has been applied in the spacecraft thermal control systems to address the time-varying thermal 
management problems during the whole mission where great success has been achieved [11-15]. Following the success 
in the field of space thermal control, to expand LHP applications to the ground environment seems logical, and great 
efforts have been made by quite a few researchers worldwide, as briefly reviewed below. Pastukhov et al. developed 
miniature loop heat pipes (mLHPs) with a nominal capacity of 25-30 W and a heat-transfer distance up to 250 mm for 
cooling electronic components and CPU of mobile PC [16]. Several prototypes of mLHPs with the evaporator diameters 
no more than 6 mm and ammonia as the working fluid were incorporated into remote heat exchanger (RHE) systems in 
different conditions. Under air forced cooling the total thermal resistance of such a system is 1.7-4.0 ć/W and depends 
strongly on the cooling conditions and the radiator efficiency. Based on the experimental results, mLHPs can be regarded 
as quite promising devices for RHE systems providing efficient cooling for electronics components and personal 
computers.  
,QRUGHUWRGHFUHDVHWKHQRLVHOHYHOFUHDWHGDWWKHRSHUDWLRQRIFRROLQJV\VWHPIDQV3DVWXNKRYHWDOSURSRVHGWR
FUHDWHDSDVVLYHRUVHPLSDVVLYHV\VWHPVRQWKHEDVHRI/+3VLQZKLFKWKHKHDWVLQNLVDQH[WHUQDOUDGLDWRUFRROHG
E\QDWXUDORUIRUFHGDLUFRQYHFWLRQ>@7KH/+3EDVHGFRROLQJV\VWHPGHYHORSHGZDVFDSDEOHRIVXVWDLQLQJDQ
RSHUDWLQJWHPSHUDWXUHRIć RQWKHKHDWVRXUFHWKHUPDOLQWHUIDFHZKLFKGLVVLSDWHGDKHDWORDGRI:DW
DQDPELHQWWHPSHUDWXUHRIć,WLVDOVRVKRZQWKDWWKHXVHRIDGGLWLRQDOPHDQVRIDFWLYHFRROLQJLQFRPELQDWLRQ
ZLWK/+3VDOORZVWRLQFUHDVHWKHYDOXHRIGLVVLSDWHGKHDWXSWR:DQGWRGHFUHDVHWKHV\VWHPWKHUPDOUHVLVWDQFH
GRZQ WRć:Zhou et al., IDEULFDWHGDPLQLDWXUH ORRSKHDWSLSH P/+3HPSOR\LQJDPP WKLFN IODW
HYDSRUDWRUDQGDYDSRUOLQHOLTXLGOLQHDQGFRQGHQVHUZLWKDPPWKLFNQHVVIRUFRROLQJmobile electronics [18]. 
7KHP/+3HPSOR\HGDQLQWHUQDOZLFNVWUXFWXUHIDEULFDWHGRIVLQWHUHGILQHFRSSHUPHVKFRPSULVHGRIDSULPDU\
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ZLFNVWUXFWXUHLQWKHHYDSRUDWRUWRSURYLGHWKHGULYLQJIRUFHIRUFLUFXODWLQJWKHZRUNLQJIOXLGDQGDVHFRQGDU\ZLFN
LQVLGHWKHOLTXLGOLQHWRSURPRWHWKHIORZRIFRQGHQVHGZRUNLQJIOXLGEDFNWRWKHHYDSRUDWRU7KHSURSRVHGP/+3
GHPRQVWUDWHGVWDEOHVWDUWXSEHKDYLRUDWDORZKHDWORDGRI:LQWKHKRUL]RQWDORULHQWDWLRQZLWKDQHYDSRUDWRU
WHPSHUDWXUHRI ć DQG HIILFLHQWO\GLVVLSDWHG DPD[LPXPKHDW ORDGRI :ZLWKRXW GU\RXW RFFXUULQJ$
PLQLPXPP/+3WKHUPDO UHVLVWDQFHRIć:ZDVDFKLHYHGDWDKHDW ORDGRI:LQ WKHJUDYLW\DVVLVWHG
RSHUDWLRQ DW ZKLFK WKH HYDSRUDWRU WHPSHUDWXUH ZDV DERXW  ć  +XDQJ HW DO VLJQLILFDQWO\ UHGXFHG WKH
PDQXIDFWXULQJ FRVW RI /+3V WKURXJK DQ LQQRYDWLYH GHVLJQ RI HYDSRUDWRU PDNLQJ /+3V PRUH FRPSHWLWLYH IRU
FRPPHUFLDODSSOLFDWLRQV>@7KHFRVWRID:/+3ZLWKRUJDQLFVROYHQWDVWKHZRUNLQJIOXLGLVOHVVWKDQ
86'LQPDVVSURGXFWLRQ7KH/+3ZDVVXFFHVVIXOO\XVHGLQ/('OXPLQDLUHVRODUZDWHUKHDWHUDQGWKHUPRHOHFWULF
SRZHUJHQHUDWRU IRUKHDWGLVVLSDWLRQ0RUH WKDQ/+3VZHUHPDQXIDFWXUHGDQGXVHG LQYDULRXVSURGXFWV
GXULQJWKHSDVW\HDUV1RDQ\/+3RSHUDWLRQIDLOXUHZDVUHSRUWHGVRIDU 
  %HFDXVHWKH/+3FDQUHDOL]HHIILFLHQWORQJGLVWDQFHKHDWWUDQVIHULQWKHFDVHWKHFRROLQJVSDFHLVUHPRWHWRWKH
KHDWVRXUFHEXWLVVXIILFLHQWLWLVIHDVLEOHWRFUHDWHD/+3EDVHGFRROLQJV\VWHPWRWUDQVSRUWWKHKHDWJHQHUDWHGIURP
WKHKHDWVRXUFHWRDUHODWLYHO\ODUJHILQUDGLDWRUZLWKQRIDQZKHUHWKHKHDWLVGLVVLSDWHGWRWKHDPELHQWFRPSOHWHO\
LQWKHIRUPRIQDWXUDOFRQYHFWLRQ)RUVXFKDFRROLQJV\VWHPQRSRZHULVFRQVXPHGDQGVLPXOWDQHRXVO\QRQRLVH
LVJHQHUDWHGLHDQDEVROXWHO\TXLHWDQGHQHUJ\VDYLQJFRROLQJV\VWHP%DVHGRQWKLVLGHDD/+3EDVHGFRROLQJ
V\VWHPZLOO EHGHYHORSHG LQ WKLVZRUN DQG LWV WKHUPDO SHUIRUPDQFHPDLQO\ LQFOXGLQJ WKH VWDUWXS KHDW WUDQVIHU
UHVLVWDQFHDQGWKHDQWLJUDYLW\FDSDELOLW\ZLOOEHH[SHULPHQWDOO\LQYHVWLJDWHGDVUHSRUWHGLQGHWDLOEHORZ  
([SHULPHQWDOV\VWHP 
7KHFRROLQJV\VWHPLQYHVWLJDWHGKHUHZDVPDLQO\FRPSRVHGRIWKUHHSDUWVDQDOXPLQXPVDGGOHDQDPPRQLD
VWDLQOHVVVWHHO/+3DQGDILQUDGLDWRUDVVKRZQLQ)LJDEDQGFUHVSHFWLYHO\DQG)LJVKRZVDQDVVHPEO\
RIWKLVFRROLQJV\VWHP:LWKWKHKHOSRIWKHVDGGOHKHDWVRXUFHZLWKDIODWWKHUPRFRQWDFWVXUIDFHFDQEHFRQYHQLHQWO\
6 
FRQQHFWHG WR WKHF\OLQGULFDOHYDSRUDWRURI WKH/+3 ,Q WKHH[SHULPHQW WKHKHDWVRXUFHZDVVLPXODWHGE\D ILOP
HOHFWULF UHVLVWDQFHKHDWHUPHDVXULQJîFP/î:7KHILOPKHDWHUZDVGLUHFWO\FRQQHFWHG WRD'&SRZHU
VXSSO\RIZKLFKWKHSRZHURXWSXWFDQEHDGMXVWHGFRQWLQXRXVO\LQDZLGHUDQJHRI:ZLWKDQXQFHUWDLQW\
DERXW  
7KH/+3LVWKHFRUHFRPSRQHQWIRUWKLVFRROLQJV\VWHPZKLFKDEVRUEVWKHKHDWJHQHUDWHGIURPWKHKHDWVRXUFH
DQGWKHQHIILFLHQWO\WUDQVSRUWVLWWRDUHPRWHILQUDGLDWRU)LJVKRZVVFKHPDWLFDOO\WKHEDVLFVWUXFWXUHRID/+3
FRQVLVWLQJRIDQHYDSRUDWRUDFRQGHQVHUDFRPSHQVDWLRQFKDPEHU&&DQGYDSRUDQGOLTXLGWUDQVSRUWOLQHV)LJ
VKRZVWKHGHWDLOHGLQWHUQDOVWUXFWXUHRIWKHHYDSRUDWRUDQG&&,QWKLVZRUNDOOWKHFRPSRQHQWVRIWKH/+3ZHUH
PDGHRIVWDLQOHVVVWHHOH[FHSWWKDWWKHHYDSRUDWRUZLFNZDVPDGHRIVLQWHUHGQLFNHOSRZGHUVDQGDPPRQLDZDV
VHOHFWHGDVWKHZRUNLQJIOXLGGXHWRLWVH[FHOOHQWWKHUPRSK\VLFDOSURSHUWLHVLQWKHDPELHQWWHPSHUDWXUHUDQJHRI
ć7DEOHSURYLGHVWKHEDVLFSDUDPHWHUVRIWKH/+3ZKHUH2'DQG,'UHSUHVHQWWKHRXWHUDQGLQQHUGLDPHWHUV
UHVSHFWLYHO\7KHFRQGHQVHUOLQHZDVHPEHGGHGLQWRWKHIODWERWWRPVXUIDFHRIWKHILQUDGLDWRUZLWKDUHODWLYHO\ODUJH
YROXPHPHDVXULQJîîFP/î:î+ZKHUHKHDWGLVVLSDWLRQWRWKHDPELHQWZDVFRPSOHWHO\LQWKHIRUP
RIQDWXUDOFRQYHFWLRQ7KHILQUDGLDWRUZDVPDGHRIDOXPLQXPDOOR\DQG7DEOHSURYLGHVWKHEDVLFSDUDPHWHUVRI
WKHILQUDGLDWRU  
7KLUWHHQW\SH7WKHUPRFRXSOHVZLWKWKHPD[LPXPPHDVXUHPHQWHUURURIć ZHUHHPSOR\HGWRPRQLWRUWKH
WHPSHUDWXUHSURILOHDORQJWKHORRSDVLOOXVWUDWHGLQ)LJ7HPSHUDWXUHGDWDIURPWKHWKHUPRFRXSOHVZDVUHFRUGHG
GLVSOD\HG DQG VWRUHG HYHU\ ILYH VHFRQGV E\ D GDWD DFTXLVLWLRQ V\VWHP $JLOHQW $ OLQNHG WR D 3& 7KH
WKHUPRFRXSOH MXQFWLRQZDVFRYHUHGE\ D OD\HU RI WKHUPDO LQVXODWLRQPDWHULDO WR UHGXFH WKHKHDW WUDQVIHU WR WKH
DPELHQW VXUURXQGLQJV VR WKDW WKH PHDVXUHGZDOO WHPSHUDWXUHV VKRXOG EH YHU\ FORVH WR WKH WHPSHUDWXUHV RI WKH
ZRUNLQJIOXLGLQVLGHDVWKHZDOOWKLFNQHVVZDVQRPRUHWKDQPPIRUDOOWKH/+3FRPSRQHQWV 
([SHULPHQWDOUHVXOWVDQGGLVFXVVLRQV 
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6WDUWXS 
  )RUD/+3EDVHGFRROLQJV\VWHPVXFFHVVIXOVWDUWXSLVDOZD\VWKHILUVWDQGPRVWLPSRUWDQWLVVXHWREHDGGUHVVHG
SULRUWRLWVSUDFWLFDODSSOLFDWLRQV7\SLFDOO\D/+3FDQUHDOL]HVHOIVWDUWXSZLWKRXWDQ\SUHFRQGLWLRQLQJ+RZHYHU
VHOIVWDUWXS GRHV QRW PHDQ LQVWDQW VWDUWXS DQG WKH VWDUWXS PD\ WDNH D ORQJ WLPH DFFRPSDQLHGE\ YHU\ ODUJH
HYDSRUDWRUWHPSHUDWXUHULVHHVSHFLDOO\ZKHQWKHVWDUWXSKHDWORDGLVUHODWLYHO\VPDOO$VDWZRSKDVHKHDWWUDQVIHU
GHYLFHWKHVWDUWXSRID/+3LVDYHU\FRPSOH[G\QDPLFSURFHVVUDQJLQJIURPWKHDSSOLFDWLRQRIDKHDWORDGWR
WKHHYDSRUDWRUWRWKHQRUPDOFLUFXODWLRQRIZRUNLQJIOXLGLQWKHORRS'XULQJWKLVSURFHVVDYDULHW\RIKHDWWUDQVIHU
SKHQRPHQD VXFK DV HYDSRUDWLRQ ERLOLQJ FRQGHQVDWLRQ DQG FRQYHFWLRQ PD\ EH LQYROYHG DFFRPSDQLHG E\
FRPSOLFDWHGOLTXLGYDSRUPRYHPHQWDQGSKDVHUHGLVWULEXWLRQ$FFRUGLQJWRSUHYLRXVVWXGLHVWKHVWDUWXSRID/+3
LVDIIHFWHGE\PXOWLSOHIDFWRUV,QSDUWLFXODULWLVVWURQJO\LQIOXHQFHGE\WKHLQLWLDOOLTXLGYDSRUGLVWULEXWLRQLQWKH
HYDSRUDWRUDQGIRXUSRVVLEOHVWDUWXSVLWXDWLRQVKDYHEHHQLGHQWLILHGDVOLVWHGLQ7DEOH0DQ\H[SHULPHQWVKDYH
VKRZQWKDW/+3VDUHWKHHDVLHVWWRVWDUWXSLQVLWXDWLRQEXWWKHPRVWGLIILFXOWLQVLWXDWLRQ>@ 
6WDUWXSZLWKGLIIHUHQWKHDWORDGV 
6WDUWXSZLWKDQLQSXWSRZHURI: 
)LJXUHVKRZVWKHWHPSHUDWXUHFKDQJHVGXULQJWKHVWDUWXSSURFHVVZLWKDQLQSXWSRZHURI:,Q)LJWKH
DPELHQWDLUZDVXVHGDVWKHKHDWVLQNZLWKDFRQVWDQWWHPSHUDWXUHRIDERXWćDQGWKHHYDSRUDWRU&&DQG
FRQGHQVHUZHUHSODFHGLQDKRUL]RQWDOSODQHLHQRDGYHUVHHOHYDWLRQH[LVWHG  
$FFRUGLQJ WR )LJ  DW WKH LQLWLDO VWDWH DOO WKH FRPSRQHQWV RI WKH /+3 UHPDLQHG QHDUO\ DW WKH DPELHQW
WHPSHUDWXUH:LWKDQHOHFWULFSRZHURI:DSSOLHGWRWKHILOPHOHFWULFUHVLVWDQFHKHDWHULWVWHPSHUDWXUH7&
WRJHWKHU ZLWK WKH HYDSRUDWRU ZDOO WHPSHUDWXUH 7& EHJDQ WR ULVH TXLFNO\$W WKH VDPH WLPH 7& DW WKH
HYDSRUDWRURXWOHWDOVRLQFUHDVHGVORZO\LQGLFDWLQJWKDWVRPHYDSRUVKRXOGEHJHQHUDWHGLQWKHHYDSRUDWRUDQG
IORZHGLQWRWKHYDSRUOLQH,WFDQEHLQIHUUHGWKDWYDSRUVKRXOGH[LVWLQWKHYDSRUJURRYHVSULRUWRWKHDSSOLFDWLRQ
8 
RIWKHKHDWORDGRWKHUZLVHLIWKHYDSRUJURRYHVDUHFRPSOHWHO\ILOOHGE\OLTXLGDFHUWDLQVXSHUKHDWZLOOEHQHHGHG
WRLQLWLDWHWKHQXFOHDWHERLOLQJWKHUHFDXVLQJDQREYLRXVGHOD\RIYDSRUJHQHUDWLRQ7&RQWKHWRSRIWKH&&
DOVRLQFUHDVHGTXLFNO\IROORZLQJWKHULVHRIWKHHYDSRUDWRUZDOOWHPSHUDWXUHLQGLFDWLQJWKDWWKHKHDWOHDNIURP
WKHHYDSRUDWRUWRWKH&&ZDVUHODWLYHO\ODUJH7KDWLVEHFDXVHOLTXLGYDSRUWZRSKDVHZRUNLQJIOXLGH[LVWVLQWKH
HYDSRUDWRUFRUH DQG WKHKHDW WUDQVIHU IURP WKHHYDSRUDWRUFRUH WR WKH&& LV LQ WKH IRUPRIHYDSRUDWLRQDQG
FRQGHQVDWLRQMXVWOLNHWKHSURFHVVRFFXUUHGLQDFRQYHQWLRQDOKHDWSLSH7KHUHIRUHWKLVVWDUWXSFRUUHVSRQGVWR
WKHVLWXDWLRQLQ7DEOHLHYDSRUH[LVWVLQERWKWKHYDSRUJURRYHVDQGWKHHYDSRUDWRUFRUH 
7KHHYDSRUDWRUZDOOWHPSHUDWXUH7&LQLWLDOO\URVHTXLFNO\EXWDIWHUUHDFKLQJDSSUR[LPDWHO\ćLWEHJDQ
WRULVHYHU\VORZO\XQWLODFKLHYLQJDVWHDG\VWDWH7KHWHPSHUDWXUHVRIWKHILOPKHDWHUDQGWKH&&IROORZHGWKH
VDPHWUHQGDVWKHHYDSRUDWRUZDOOWHPSHUDWXUH,WVKRXOGEHRIQRWHWKDWDWWKHVWHDG\VWDWHWKHWHPSHUDWXUHDWWKH
FRQGHQVHU LQOHW 7& VWLOO UHPDLQHG DW WKH DPELHQW WHPSHUDWXUH VXJJHVWLQJ WKDW WKH YDSRU JHQHUDWHG LQ WKH
HYDSRUDWRUGRVHQRWHQWHUWKHFRQGHQVHULHWKHFRQGHQVHULVFRPSOHWHO\QRWXWLOL]HG7KDWLVEHFDXVHWKHKHDW
ORDGDSSOLHGWRWKHHYDSRUDWRULVWRRVPDOODQGWKHPDVVIORZUDWHLQWKHORRSEHFRPHVYHU\VPDOODFFRUGLQJO\
7REDODQFHWKHKHDWOHDNIURPWKHHYDSRUDWRUWRWKH&&DODUJHVXEFRROLQJIRUWKHUHWXQLQJIOXLGZLOOEHQHHGHG
UHVXOWLQJLQDQHQKDQFHGRSHUDWLQJWHPSHUDWXUHRIWKH/+3$WDKLJKRSHUDWLQJWHPSHUDWXUHYDSRUJHQHUDWHGLQ
WKHHYDSRUDWRUZLOOIXOO\FRQGHQVHWROLTXLGLQWKHYDSRUOLQHEHIRUHHQWHULQJWKHFRQGHQVHU 
6WDUWXSZLWKDQLQSXWSRZHURI: 
)LJXUHVKRZVWKHWHPSHUDWXUHFKDQJHVGXULQJWKHVWDUWXSSURFHVVZLWKDQLQSXWSRZHURI:,Q)LJWKH
RWKHURSHUDWLQJFRQGLWLRQVDUHDOO WKHVDPHDV WKRVH LQ)LJ$FFRUGLQJ WR)LJDW WKH LQLWLDOVWDWHDOO WKH
FRPSRQHQWVRIWKH/+3UHPDLQHGQHDUO\DWWKHDPELHQWWHPSHUDWXUH:LWKDQHOHFWULFSRZHURI:DSSOLHGWR
WKHILOPKHDWHULWVWHPSHUDWXUH7&WRJHWKHUZLWKWKHHYDSRUDWRUZDOOWHPSHUDWXUH7&EHJDQWRULVHTXLFNO\
$WWKHVDPHWLPH7&DWWKHHYDSRUDWRURXWOHWDOVRLQFUHDVHGVORZO\LQGLFDWLQJWKDWYDSRUVKRXOGEHJHQHUDWHG
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LQWKHHYDSRUDWRUDQGIORZHGLQWRWKHYDSRUOLQH,WFDQEHLQIHUUHGWKDWYDSRUVKRXOGH[LVWLQWKHYDSRUJURRYHV
SULRU WR WKHDSSOLFDWLRQRI WKHKHDW ORDG7&RQ WKH WRSRI WKH&&DOVR LQFUHDVHG IROORZLQJ WKH ULVHRI WKH
HYDSRUDWRUZDOOWHPSHUDWXUHLQGLFDWLQJWKDWWKHKHDWOHDNIURPWKHHYDSRUDWRUWRWKH&&ZDVUHODWLYHO\ODUJH
7KDWLVEHFDXVHOLTXLGYDSRUWZRSKDVHZRUNLQJIOXLGH[LVWVLQWKHHYDSRUDWRUFRUHDVDQDO\]HGDERYH  
:KHQWKHHYDSRUDWRUZDOOWHPSHUDWXUHUHDFKHGDERXWćDVXGGHQWHPSHUDWXUHGURSIRUWKHILOPKHDWHU
DQGHYDSRUDWRUZDOORFFXUUHGDFFRPSDQLHGE\DVXGGHQWHPSHUDWXUHULVHDWWKHHYDSRUDWRURXWOHWDQGWKH&&
7KDWLVEHFDXVHVRPHYDSRUJURRYHVDUHFRPSOHWHO\ILOOHGE\OLTXLGDQGDFHUWDLQVXSHUKHDWLVQHHGHGWRLQLWLDWH
WKHQXFOHDWHERLOLQJWKHUH:LWKWKHLQFUHDVHRIWKHHYDSRUDWRUWHPSHUDWXUHWKHOLTXLGVXSHUKHDWLQFUHDVHGXQWLO
WKHRQVHWRIQXFOHDWHERLOLQJLQWKHYDSRUJURRYHVILOOHGE\OLTXLG7KHWHPSHUDWXUHVRIWKHILOPKHDWHU7&DQG
HYDSRUDWRUZDOO7&WKHQGURSSHGVKDUSO\GXHWRWKHDEVRUSWLRQRIKHDWE\OLTXLGHYDSRUDWLRQ2QWKHFRQWUDU\
WKHWHPSHUDWXUHVDWWKHHYDSRUDWRURXWOHW7&DQGWKH&&7&URVHVXGGHQO\LQGLFDWLQJWKDWWKHJHQHUDWHG
YDSRUIORZVDORQJWZRRSSRVLWHSDWKVVRPHYDSRUHQWHUVWKHYDSRUOLQHZKLOHWKHRWKHUSHQHWUDWHVWKHZLFNDQG
HQWHUVWKH&&GXHWRWKHYHU\KLJKYDSRUSUHVVXUHSURGXFHGDWWKHPRPHQWQXFOHDWHERLOLQJRFFXUV7KHUHIRUH
WKLVVWDUWXSFRUUHVSRQGVWRDPL[WXUHRIVLWXDWLRQVDQGLQ7DEOHLHYDSRUH[LVWVLQWKHHYDSRUDWRUFRUHDQG
VRPHYDSRUJURRYHVDQGWKHRWKHUYDSRUJURRYHVDUHFRPSOHWHO\ILOOHGE\OLTXLG 
:LWKWKHSUHVVXUHLQFUHDVHLQWKH&&YDSRUJHQHUDWHGLQWKHHYDSRUDWRUZLOOQRORQJHUEHDEOHWRSHQHWUDWHWKH
ZLFNGXH WR LQVXIILFLHQWSUHVVXUHGLIIHUHQFHEHWZHHQ WKHHYDSRUDWRUDQG WKH&&8QGHU WKLVFRQGLWLRQYDSRU
JHQHUDWHGLQWKHHYDSRUDWRUFDQRQO\IORZLQWKHSRVLWLYHGLUHFWLRQLHHQWHULQJWKHYDSRUOLQHDQGWKHFRQGHQVHU
LQVHTXHQFH:LWKWKHQRUPDOFLUFXODWLRQRIWKHZRUNLQJIOXLGLQWKHORRSWKHWHPSHUDWXUHVRIWKHILOPKHDWHUDQG
HYDSRUDWRUZDOOGURSSHGJUDGXDOO\XQWLOUHDFKLQJDVWHDG\VWDWH,WVKRXOGEHRIQRWHWKDWDWWKHVWHDG\VWDWHWKH
WHPSHUDWXUHDWWKHFRQGHQVHULQOHW7&ZDVYHU\FORVHWRWKHWHPSHUDWXUHDWWKHHYDSRUDWRURXWOHWVKRZLQJWKDW
WKHYDSRUJHQHUDWHGLQWKHHYDSRUDWRUHQWHUVWKHFRQGHQVHUDQGVRPHSDUWRIWKHFRQGHQVHULVXWLOL]HGGLIIHUHQW
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IURPWKHFDVHLQ)LJ  
6WDUWXSZLWKDQLQSXWSRZHURI: 
)LJXUHVKRZVWKHWHPSHUDWXUHFKDQJHVGXULQJWKHVWDUWXSSURFHVVZLWKDQLQSXWSRZHURI:,Q)LJWKH
RWKHURSHUDWLQJFRQGLWLRQVDUHDOO WKHVDPHDV WKRVH LQ)LJ$FFRUGLQJ WR)LJDW WKH LQLWLDOVWDWHDOO WKH
FRPSRQHQWVRIWKH/+3UHPDLQHGQHDUO\DWWKHDPELHQWWHPSHUDWXUH:LWKDQHOHFWULFSRZHURI:DSSOLHGWR
WKHILOPKHDWHULWVWHPSHUDWXUH7&WRJHWKHUZLWKWKHHYDSRUDWRUZDOOWHPSHUDWXUH7&EHJDQWRULVHTXLFNO\
7&DWWKHHYDSRUDWRURXWOHWUHPDLQHGFRQVWDQWLQGLFDWLQJWKDWYDSRUZDVQRWJHQHUDWHLQWKHHYDSRUDWRUDQGWKH
YDSRUJURRYHVVKRXOGEHFRPSOHWHO\ILOOHGE\OLTXLG$W WKHVDPHWLPH7&RQWKHWRSRI WKH&&DOVRNHSW
XQFKDQJHGVKRZLQJWKDWKHDWOHDNIURPWKHHYDSRUDWRUWRWKH&&LVYHU\VPDOODQGWKHHYDSRUDWRUFRUHVKRXOG
EHFRPSOHWHO\ILOOHGE\OLTXLG7KHUHIRUHWKLVVWDUWXSFRUUHVSRQGVWRWKHVLWXDWLRQLQ7DEOH 
:KHQWKHHYDSRUDWRUZDOOWHPSHUDWXUHUHDFKHGDERXWćDVXGGHQWHPSHUDWXUHGURSIRUWKHILOPKHDWHU
DQGHYDSRUDWRUZDOORFFXUUHGDFFRPSDQLHGE\DVXGGHQWHPSHUDWXUHULVHDWWKHHYDSRUDWRURXWOHWDQGWKH&&
YHU\VLPLODUWRWKHFDVHLQ)LJ:LWKWKHQRUPDOFLUFXODWLRQRIWKHZRUNLQJIOXLGLQWKHORRSWKHWHPSHUDWXUHV
RIWKHILOPKHDWHUDQGHYDSRUDWRUZDOOJUDGXDOO\UHDFKHGDVWHDG\VWDWH,WVKRXOGEHRIQRWHWKDWDWWKHVWHDG\
VWDWHWKHWHPSHUDWXUHDWWKHFRQGHQVHU7&ZDVYHU\FORVHWRWKHWHPSHUDWXUHDWWKHHYDSRUDWRURXWOHWVKRZLQJ
WKDWWKHYDSRUJHQHUDWHGLQWKHHYDSRUDWRUHQWHUVWKHFRQGHQVHUZLWKDODUJHUOHQJWKFRPSDUHGZLWKWKDWLQ)LJ
LHWKHXWLOL]DWLRQHIILFLHQF\RIWKHFRQGHQVHUEHFRPHVODUJHU 
6WDUWXSZLWKDQLQSXWSRZHURI: 
)LJXUHVKRZVWKHWHPSHUDWXUHFKDQJHVGXULQJWKHVWDUWXSSURFHVVZLWKDQLQSXWSRZHURI:,Q)LJWKH
RWKHURSHUDWLQJFRQGLWLRQVDUHDOO WKHVDPHDV WKRVH LQ)LJ$FFRUGLQJ WR)LJDW WKH LQLWLDOVWDWHDOO WKH
FRPSRQHQWVRIWKH/+3UHPDLQHGQHDUO\DWWKHDPELHQWWHPSHUDWXUH:LWKDQHOHFWULFSRZHURI:DSSOLHGWR
WKHILOPKHDWHULWVWHPSHUDWXUH7&WRJHWKHUZLWKWKHHYDSRUDWRUZDOOWHPSHUDWXUH7&EHJDQWRULVHTXLFNO\
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7& DW WKH HYDSRUDWRU RXWOHW UHPDLQHG FRQVWDQW LQGLFDWLQJ WKDW YDSRU ZDV QRW JHQHUDWH LQ WKH HYDSRUDWRU
LPPHGLDWHO\DQGWKHYDSRUJURRYHVVKRXOGEHFRPSOHWHO\ILOOHGE\OLTXLG$WWKHVDPHWLPH7&RQWKHWRSRI
WKH && LQFUHDVHG TXLFNO\ IROORZLQJ WKH HYDSRUDWRU ZDOO WHPSHUDWXUH VKRZLQJ WKDW WKH KHDW OHDN IURP WKH
HYDSRUDWRUWRWKH&&LVYHU\ODUJHDQGOLTXLGYDSRUWZRSKDVHZRUNLQJIOXLGVKRXOGH[LVWLQWKHHYDSRUDWRUFRUH
7KHUHIRUHWKLVVWDUWXSFRUUHVSRQGVWRWKHVLWXDWLRQLQ7DEOHZKLFKLVWKHPRVWGLIILFXOWWRUHDOL]HWKHVWDUWXS 
:KHQWKHHYDSRUDWRUZDOOWHPSHUDWXUHUHDFKHGDERXWćDVXGGHQWHPSHUDWXUHGURSIRUWKHILOPKHDWHUDQG
HYDSRUDWRUZDOORFFXUUHGDFFRPSDQLHGE\DVXGGHQWHPSHUDWXUHULVHDWWKHHYDSRUDWRURXWOHWDQGWKHFRQGHQVHU
LQOHW7KDWZDVEHFDXVHQXFOHDWHERLOLQJRFFXUUHGLQWKHYDSRUJURRYHVZKLFKDEVRUEHGWKHKHDWIURPWKHILOP
KHDWHUDQGWKHHYDSRUDWRUZDOODQGWKHJHQHUDWHGYDSRUIORZHGLQWRWKHYDSRUOLQHDQGWKHFRQGHQVHULQVHTXHQFH
:LWKWKHQRUPDOFLUFXODWLRQRIWKHZRUNLQJIOXLGLQWKHORRSWKHWHPSHUDWXUHVRIWKHILOPKHDWHUDQGHYDSRUDWRU
ZDOOGURSSHGJUDGXDOO\XQWLOUHDFKLQJDVWHDG\VWDWH,WVKRXOGEHRIQRWHWKDWDWWKHVWHDG\VWDWHWKHWHPSHUDWXUH
DWWKHFRQGHQVHURXWOHW7&ZDVYHU\FORVHWRWKHWHPSHUDWXUHDWWKHHYDSRUDWRURXWOHWLQGLFDWLQJWKDWWKHYDSRU
JHQHUDWHGLQWKHHYDSRUDWRUDOPRVWIXOO\RFFXSLHGWKHFRQGHQVHUDQGWKHXWLOL]DWLRQHIILFLHQF\RIWKHFRQGHQVHU
QHDUO\UHDFKHGLWVPD[LPXPXQGHUWKLVFRQGLWLRQ 
6WDUWXSZLWKWHPSHUDWXUHRVFLOODWLRQ 
  )RUWZRSKDVHKHDWWUDQVIHUGHYLFHVRSHUDWLQJLQVWDELOLW\LVDFRPPRQSKHQRPHQRQZKLFKVHHPVLQHYLWDEOH
WR RFFXU )RU /+3V W\SLFDO RSHUDWLQJ LQVWDELOLW\ SKHQRPHQD VXFK DV WHPSHUDWXUH RVFLOODWLRQ WHPSHUDWXUH
K\VWHUHVLVDQGZRUNLQJIOXLGUHYHUVHIORZGXULQJ/+3VWDUWXSRURSHUDWLRQKDYHEHHQUHSRUWHG>@7RGDWH
VRPHUHOHYDQWVWXGLHVRQWKHWHPSHUDWXUHRVFLOODWLRQLQ/+3RSHUDWLRQKDYHEHHQFRQGXFWHG>@DQGVHYHUDO
UHDVRQV KDYH EHHQ SUHVHQWHG D LW LV IRXQG WKDW ZKHQ WKH YDSRU IURQW PRYHV QHDU WKH LQOHW RU RXWOHW RI WKH
FRQGHQVHUWKHYDSRUIURQWPD\QRWEHDEOHWRILQGDVWDEOHORFDWLRQDQGZLOOPRYHEDFNDQGIRUWKDURXQGWKHVH
ORFDWLRQVFDXVLQJSHULRGLF WHPSHUDWXUHRVFLOODWLRQVRI WKH/+3FRPSRQHQWV6RPHUHVHDUFKHUVDVFULEHG LW WR
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LQDSSURSULDWHZRUNLQJIOXLGLQYHQWRU\RUWKHYDULDWLRQRIYDSRUYRLGIUDFWLRQLQWKHHYDSRUDWRUFRUHE:KHQD
ODUJH WKHUPDOPDVV LVDWWDFKHG WR WKHHYDSRUDWRUXQGHUVRPHFRQGLWLRQV WKH WKHUPDOPDVVFDQPRGXODWH WKH
FRQVWDQW DSSOLHG LQSXW SRZHU LQWR DQRVFLOODWRU\RQH WR WKH HYDSRUDWRU DQG WKHRVFLOODWRU\ HYDSRUDWRU SRZHU
EHFRPHVWKHVRXUFHRIWKHWHPSHUDWXUHRVFLOODWLRQ 
)RUWKLVFRROLQJV\VWHPZKHQWKHLQSXWSRZHUZDV:DQREYLRXVWHPSHUDWXUHRVFLOODWLRQZDVDOVRREVHUYHG
GXULQJ WKH VWDUWXSSURFHVV DQG ILQDOO\ WKH FRROLQJ V\VWHPPDLQWDLQHG D WHPSHUDWXUHRVFLOODWLQJRSHUDWLRQ DV
LOOXVWUDWHGLQ)LJ,Q)LJDFFRUGLQJWRWKHDQDO\VLVLQVHFWLRQDERYHZKHQDQLQSXWSRZHURI:ZDV
DSSOLHGWRWKHILOPKHDWHUWKH/+3EHJDQWRVWDUWXSLQVLWXDWLRQZKLFKLVWKHPRVWIDYRUDEOHFRQGLWLRQIRU
VWDUWXS+RZHYHUDIWHUWKHILOPKHDWHUDQGHYDSRUDWRUZDOOWHPSHUDWXUHVPDLQWDLQHGVWDEOHIRURQO\DFRXSOHRI
PLQXWHVWKH\EHJDQWRULVHTXLFNO\UHDFKLQJDSHDNYDOXHDQGWKHQEHJDQWRGURSTXLFNO\WRWKHYDOOH\YDOXH
$IWHUPDLQWDLQLQJWKHYDOOH\YDOXHIRURQO\DFRXSOHRIPLQXWHVWKH\EHJDQWRULVHDJDLQDQGIRUPHGDTXDVL
SHULRGLFWHPSHUDWXUHFKDQJH,WLVIRXQGWKDWZKHQWKHHYDSRUDWRUZDOODQG&&WHPSHUDWXUHVZHUHDWWKHLUSHDN
YDOXHVWKHWHPSHUDWXUHDWWKH&&LQOHWZDVDWWKHORZHVWYDOXH%HFDXVHWKHVXEFRROLQJGHJUHHIRUWKHUHWXUQLQJ
OLTXLGZDVVRODUJHWKDWLWZRXOGLQHYLWDEO\FDXVHWKHVXEVHTXHQWWHPSHUDWXUHGURSIRUWKHHYDSRUDWRUDQGWKH&&
:KHQWKHHYDSRUDWRUZDOOWHPSHUDWXUHGURSSHGWRLWVYDOOH\YDOXHWKHFRQGHQVHUZDVDOPRVWIXOO\XWLOL]HGDQG
WKHWHPSHUDWXUHDW WKHFRQGHQVHURXWOHW7&EHFDPHYHU\FORVHWRWKHYDSRUWHPSHUDWXUHDW WKHHYDSRUDWRU
RXWOHW8QGHUWKLVFRQGLWLRQWKHOLTXLGWHPSHUDWXUHDWWKH&&LQOHWLQFUHDVHGVKDUSO\WRDSSURDFKDSSUR[LPDWHO\
WKH YDSRU WHPSHUDWXUH 6LQFH WKH VXEFRROLQJ GHJUHH IRU WKH UHWXUQLQJ OLTXLG DW WKH && LQOHW GHFUHDVHG WR D
PLQLPXP YDOXH DQG WKH UHWXUQ VXEFRROLQJ FDQQRW EDODQFH WKH KHDW OHDN IURP WKH HYDSRUDWRU WR WKH && WKH
WHPSHUDWXUHV IRU WKH HYDSRUDWRU DQG WKH&&ZRXOG ULVH DJDLQ %DVHGRQ WKH DQDO\VLV DERYH WKH WHPSHUDWXUH
RVFLOODWLRQZDVFORVHO\DVVRFLDWHGWKHHQHUJ\LPEDODQFHRIWKH&&LHH[FHVVLYHUHWXUQVXEFRROLQJUHVXOWHGLQ
WKHWHPSHUDWXUHGURSIRUWKHHYDSRUDWRUDQGWKH&&ZKLOHLQVXIILFLHQWUHWXUQVXEFRROLQJOHGWRWKHLUWHPSHUDWXUH
13 
ULVH+RZHYHUWRUHYHDOFOHDUO\LQZKDWVLWXDWLRQWKLVWHPSHUDWXUHRVFLOODWLRQZLOORFFXUDQGZK\WKHWHPSHUDWXUH
RVFLOODWLRQFDQDOZD\VODVWDPRUHLQGHSWKVWXG\LVUHDOO\QHHGHG 
3RZHULQFUHPHQWWHVW 
2SHUDWLRQXQGHUKRUL]RQWDORULHQWDWLRQ 
  )LJXUHVKRZVWKHWHPSHUDWXUHFKDQJHVRIVRPHNH\SRLQWVDORQJWKHORRSGXULQJWKHSRZHULQFUHPHQWWHVW
ZKHUHWKHDPELHQWDLUZDVXVHGDVWKHKHDWVLQNZLWKDFRQVWDQWWHPSHUDWXUHRIDERXWćDQGWKHHYDSRUDWRU
&&DQGFRQGHQVHUZHUHSODFHGLQDKRUL]RQWDOSODQHLHQRDGYHUVHHOHYDWLRQH[LVWHG 
  $FFRUGLQJWR)LJZKHQWKHLQSXWSRZHUWRWKHILOPKHDWHUZDVLQFUHDVHGIURPWR:WKHVWHDG\VWDWH
RSHUDWLQJWHPSHUDWXUHRIWKHHYDSRUDWRUZDOOILUVWGURSSHGIURPWRć˗ZKLOHZKHQWKHLQSXWSRZHU
ZDVLQFUHDVHGIURPWR:JUDGXDOO\ZLWKDQLQWHUYDORI:WKHHYDSRUDWRUZDOOWHPSHUDWXUHDOZD\VNHSW
LQFUHDVLQJ7KHILOPKHDWHUWHPSHUDWXUHIROORZHGWKHVDPHYDULDWLRQWUHQGDVWKDWRIWKHHYDSRUDWRUZDOOEXWWKH
WHPSHUDWXUHGLIIHUHQFHEHWZHHQWKHPLQFUHDVHGDOPRVWOLQHDUO\ZLWKWKHLQFUHDVLQJLQSXWSRZHU$WWKHPD[LPXP
LQSXWSRZHURI:WKHILOPKHDWHUUHDFKHGWKHKLJKHVWWHPSHUDWXUHRIDERXWć. 
  $QLPSUHVVLYHUHVXOWFDQEHREVHUYHGDWWKHLQSXWSRZHURI:LQ)LJLHWKHPD[LPXPWHPSHUDWXUH
GLIIHUHQFHDORQJWKHHQWLUHORRSЊPHWHUORQJH[FOXGLQJWKHILOPKHDWHUWHPSHUDWXUHUHDFKHGDPLQLPXP
YDOXH RI DERXW ć LQGLFDWLQJ WKDW WKH /+3 VWXGLHG KHUH SRVVHVVHG YHU\ JRRG PDQXIDFWXUH TXDOLW\ DQG
H[KLELWHG YHU\ H[FHOOHQW KHDW WUDQVIHU SHUIRUPDQFH :KLOH WKHUH KDYH EHHQ PDQ\ SDUDPHWHUV WR DVVHVV WKH
RSHUDWLQJSHUIRUPDQFHRID/+3LQWKHDXWKRUV¶RSLQLRQWKHPD[LPXPWHPSHUDWXUHGLIIHUHQFHDORQJWKHHQWLUH
ORRSFDQEHFRQVLGHUHGDVWKHPRVWEDVLFRQHZKLFKFDQGLUHFWO\UHIOHFWWKHWHPSHUDWXUHXQLIRUPLW\DORQJWKH
HQWLUH ORRS 7KH VPDOOHU WKH PD[LPXP WHPSHUDWXUH GLIIHUHQFH DORQJ WKH HQWLUH ORRS WKH EHWWHU WKH /+3
SHUIRUPDQFH$OWKRXJKEDVHGRQWKHIXQGDPHQWDOSULQFLSOHRI/+3RSHUDWLRQDWHPSHUDWXUHGLIIHUHQFHDORQJWKH
ORRSLVQHFHVVDU\WRUHDOL]HWKHHQHUJ\EDODQFHIRUHDFKFRPSRQHQWRIWKH/+3WKLVWHPSHUDWXUHGLIIHUHQFHVKRXOG
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EHUHGXFHGDVPXFKDVSRVVLEOHWRHQKDQFHWKHRYHUDOOSHUIRUPDQFHRIWKH/+3  
*HQHUDOO\LQWKHVWHDG\VWDWHRSHUDWLRQDUHODWLYHO\ODUJHVXEFRROLQJGHJUHHIRUWKHUHWXUQLQJOLTXLGDWWKH&&
LQOHWƸ7VXELVUHTXLUHGWREDODQFHWKHKHDWOHDNIURPWKHHYDSRUDWRUWRWKH&&4KODVVKRZQE\HTXDWLRQ 
                     
,
( )hl sub l pl sub l pl CC in CCQ Q mc T mc T T  '  u & &                
$FFRUGLQJWRHTXDWLRQ WKH ODUJHU WKHKHDW OHDNIURPWKHHYDSRUDWRUWRWKH&&WKHJUHDWHU WKHVXEFRROLQJ
GHJUHHLVUHTXLUHG7\SLFDOO\WKHKHDWOHDNIURPWKHHYDSRUDWRUWRWKH&&LVGHWHUPLQHGE\DYDULHW\RIIDFWRUV
VXFKDVWKHLQSXWSRZHUWKHOHQJWKDQGGLDPHWHURIWKHWUDQVSRUWOLQHVWKHOHQJWKDQGGLDPHWHURIWKHFRQGHQVHU
WKHVL]HDQGPDWHULDORIWKHHYDSRUDWRUFDVLQJDQGWKHVL]HDQGPDWHULDORIWKHHYDSRUDWRUZLFN%HVLGHVWKHVH
IDFWRUVWKHVHDOLQJTXDOLW\EHWZHHQWKHHYDSRUDWRUDQGWKH&&LVDOVRDYHU\LPSRUWDQWLQIOXHQFLQJIDFWRU,IWKH
VHDOLQJTXDOLW\LVQRWYHU\JRRGDQGHYHQDVPDOODPRXQWRIYDSRUJHQHUDWHGDWWKHRXWHUVXUIDFHRIWKHZLFN
HQWHUVWKH&&LWZLOOFDXVHVLJQLILFDQWO\LQFUHDVHGKHDWOHDNIURPWKHHYDSRUDWRUWRWKH&&DFFRPSDQLHGE\YHU\
ODUJH VXEFRROLQJGHJUHH DW WKH && LQOHW DQG PD[LPXP WHPSHUDWXUH GLIIHUHQFH DORQJ WKH HQWLUH ORRS7KDW LV
EHFDXVHWKHHYDSRUDWLYHODWHQWKHDWRIWKHZRUNLQJIOXLGLVJHQHUDOO\YHU\ODUJHOHDGLQJWRDUHODWLYHO\ODUJHKHDW
OHDNIURPWKHHYDSRUDWRUWRWKH&&FRPSDUHGZLWKWKRVHWKURXJKWKHUPDOFRQGXFWLRQDQGFRQYHFWLRQLQWKHUDGLDO
DQGD[LDOGLUHFWLRQRIWKHHYDSRUDWRUDVVKRZQE\HTXDWLRQ 
                                     hl,v v fgQ m h &                           
  (YHQWKHVHDOLQJTXDOLW\LVYHU\JRRGLHQRYDSRUJHQHUDWHGDWWKHRXWHUVXUIDFHRIWKHZLFNHQWHUVWKH&&
GLUHFWO\EHFDXVHDWDVPDOOLQSXWSRZHUWKHPDVVIORZUDWHRIWKHZRUNLQJIOXLGLQWKHORRSLVVRVPDOOWKDWDODUJH
VXEFRROLQJGHJUHHIRUWKHOLTXLGDWWKH&&LQOHWLVDOVRUHTXLUHG)RULQVWDQFHLQ)LJZKHQWKHLQSXWSRZHU
ZDV:WKHVXEFRROLQJGHJUHHIRUWKHOLTXLGDWWKH&&LQOHWUHDFKHGDVODUJHDVćDQGWKHPD[LPXP
WHPSHUDWXUHGLIIHUHQFHDORQJWKHHQWLUHORRSUHDFKHGDERXWć 
2SHUDWLRQZLWKDGYHUVHHOHYDWLRQ 
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  )LJXUHVDQGVKRZWKHWHPSHUDWXUHFKDQJHVRIVRPHNH\SRLQWVDORQJWKHORRSGXULQJWKHSRZHULQFUHPHQW
WHVWZKHUHWKHRSHUDWLQJFRQGLWLRQVZHUHDOOWKHVDPHDVWKRVHLQ)LJH[FHSWWKDWWKHDGYHUVHHOHYDWLRQZDV
DQGPUHVSHFWLYHO\LHWKHHYDSRUDWRUZDVSODFHGDQGPKLJKHUWKDQWKHFRQGHQVHUUHVSHFWLYHO\
LQWKHH[SHULPHQW 
  )URP)LJVDQGLWLVIRXQGWKDWWKH/+3FDQRSHUDWHQRUPDOO\ZLWKDQDGYHUVHHOHYDWLRQRIRUP
H[KLELWLQJDYHU\VWURQJDQGUREXVWFDSDELOLW\RIDQWLJUDYLW\RSHUDWLRQZKLFKLVRQHRIWKHPDLQDGYDQWDJHVIRU
/+3VRYHUFRQYHQWLRQDOKHDWSLSHV:KLOHIRUWUDGLWLRQDOKHDWSLSHVWKHDQWLJUDYLW\FDSDELOLW\LVYHU\ZHDNLH
W\SLFDOO\RQWKHOHYHORIPLOOLPHWHURUFHQWLPHWHUDQGDVPDOO LQFUHDVHLQWKHDGYHUVHHOHYDWLRQZLOOFDXVHDQ
REYLRXVSHUIRUPDQFHGHJUDGDWLRQ,QVRPHSDUWLFXODUDSSOLFDWLRQVWKHKHDWSLSHVKDYHWREHGHVLJQHGWRRSHUDWH
DWDQDQWLJUDYLW\RULHQWDWLRQ>@8QGHUWKLVFRQGLWLRQWKHQRUPDORSHUDWLRQRIWKHKHDWSLSHVZLOOEHDWWKH
H[SHQVHRIVLJQLILFDQWO\UHGXFHGKHDWWUDQVIHUFDSDFLW\ZKHUHWKHOLPLWHGFDSLOODU\SUHVVXUHKDVWRRYHUFRPHERWK
WKHOLTXLGIULFWLRQDOSUHVVXUHGURSDQGWKHJUDYLWDWLRQDOSUHVVXUHGURS  
&RPSDULQJ)LJVDQGZLWK)LJ LW LV IRXQG WKDWDOWKRXJK WKH/+3FDQRSHUDWHQRUPDOO\ZLWK WKH
SUHVHQFHRIDGYHUVHHOHYDWLRQWKHHYDSRUDWRUZDOOWHPSHUDWXUHEHFRPHVREYLRXVO\KLJKHUDWVPDOOLQSXWSRZHUV
)RULQVWDQFHZKHQWKHLQSXWSRZHUZDV: WKHHYDSRUDWRUZDOO WHPSHUDWXUHDW WKHVWHDG\VWDWHZDVDERXW
ć XQGHUWKHKRUL]RQWDORULHQWDWLRQKRZHYHULWZDVLQFUHDVHGWRDERXWDQGćFRUUHVSRQGLQJWR
DQDGYHUVHHOHYDWLRQRIDQGPUHVSHFWLYHO\DVVKRZQLQ)LJ7KDWLVEHFDXVHWKHH[LVWHQFHRIDGYHUVH
HOHYDWLRQZLOOSURGXFHDQDGGLWLRQDOJUDYLWDWLRQDOSUHVVXUHGURSDVVKRZQE\HTXDWLRQ 
   l gg gP HU'                             
$FFRUGLQJWRWKH&ODXVLXV&ODSH\URQHTXDWLRQDQLQFUHDVHLQWKHWRWDOSUHVVXUHGURSDORQJWKHH[WHUQDOORRSZLOO
FDXVHDQLQFUHDVHLQWKHWHPSHUDWXUHGLIIHUHQFHEHWZHHQWKHHYDSRUDWRUDQGWKH&&DVVKRZQE\HTXDWLRQ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8QGHUWKLVFRQGLWLRQWKHKHDWOHDNIURPWKHHYDSRUDWRUWRWKH&&LQFUHDVHVGXHWRWKHSUHVHQFHRIWKHDGYHUVH
HOHYDWLRQDQGWKHODUJHUWKHDGYHUVHHOHYDWLRQWKHJUHDWHUWKHKHDWOHDNIURPWKHHYDSRUDWRUWRWKH&&7REDODQFH
WKH LQFUHDVHGKHDW OHDN IURP WKHHYDSRUDWRU WR WKH&&GXH WR WKHSUHVHQFHRI WKHDGYHUVHHOHYDWLRQD ODUJHU
VXEFRROLQJGHJUHHIRUWKHUHWXUQLQJOLTXLGDWWKH&&LQOHWLVUHTXLUHGDQGWKHVXEFRROHG]RQHLQWKHFRQGHQVHU
PXVWEHHQODUJHGDFFRUGLQJO\$VDUHVXOWWKHWZRSKDVH]RQHLQWKHFRQGHQVHUUHGXFHVOHDGLQJWRDGHFUHDVHG
XWLOL]DWLRQHIILFLHQF\RIWKHFRQGHQVHUDQGDQLQFUHDVHGRSHUDWLQJWHPSHUDWXUHRIWKH/+3HYHQWXDOO\$WUHODWLYHO\
KLJKLQSXWSRZHUVLHŐ:WKHHIIHFWRIDGYHUVHHOHYDWLRQRQWKHHYDSRUDWRUZDOOWHPSHUDWXUHEHFRPHV
LQVLJQLILFDQWZKLFKFDQEHJHQHUDOO\QHJOHFWHG7KDWLVEHFDXVHWKHPDVVIORZUDWHRIWKHZRUNLQJIOXLGLQWKH
ORRSLQFUHDVHVDOPRVWOLQHDUO\ZLWKWKHLQFUHDVLQJLQSXWSRZHUDQGXQGHUWKLVFRQGLWLRQWKHLQFUHDVHLQWKHKHDW
OHDNIURPWKHHYDSRUDWRUWRWKH&&GXHWRWKHSUHVHQFHRIWKHDGYHUVHHOHYDWLRQFDQEHHDVLO\EDODQFHGE\WKH
VXEFRROLQJRIWKHUHWXUQLQJOLTXLGZLWKRXWDQREYLRXVO\LQFUHDVHGVXEFRROLQJGHJUHH7KHUHIRUHWKHSUHVHQFHRI
DGYHUVHHOHYDWLRQZLOOQRWFDXVHQRWDEOHWHPSHUDWXUHFKDQJHVDWWKHNH\SRLQWVDORQJWKHORRSDVVKRZQLQ)LJV
DQG 
6\VWHPWKHUPDOUHVLVWDQFH 
  )LJXUHVKRZV WKHYDULDWLRQRI WKHV\VWHPWKHUPDO UHVLVWDQFHRI WKH/+3EDVHGFRROLQJV\VWHPZLWK WKH
LQFUHDVHRIWKHLQSXWSRZHU,QWKLVZRUNWKHV\VWHPWKHUPDOUHVLVWDQFHLVGHILQHGDVWKHKHDWVRXUFHWRKHDWVLQN
WKHUPDOUHVLVWDQFHZKLFKFDQEHH[SUHVVHGE\HTXDWLRQ 
                             sinsource ksys
ap
T TR Q
                          ˄˅ 
  $FFRUGLQJWR)LJZKHQWKH/+3ZDVRSHUDWLQJXQGHUWKHKRUL]RQWDORULHQWDWLRQZLWKWKHLQFUHDVHRIWKH
LQSXWSRZHUWKHV\VWHPWKHUPDOUHVLVWDQFHILUVWGURSSHGTXLFNO\IURPDQLQLWLDOć:DWDQLQSXWSRZHURI
:WKHQLWEHJDQWRGURSYHU\VORZO\DQGJUDGXDOO\UHDFKHGDQDOPRVWFRQVWDQWYDOXHRIDERXWć:IURP
WKHLQSXWSRZHURI:7KLVUHVXOWLVFORVHO\DVVRFLDWHGZLWKWKHXQLTXHRSHUDWLQJFKDUDFWHULVWLFVRI/+3V
17 
ZKHUHWKHUHH[LVWVWZRRSHUDWLQJPRGHVIRU/+3RSHUDWLRQLHWKHYDULDEOHFRQGXFWDQFHPRGHDQGWKHFRQVWDQW
FRQGXFWDQFHPRGH:KHQWKHLQSXWSRZHULVUHODWLYHO\VPDOOWKH/+3LVRSHUDWLQJLQWKHYDULDEOHFRQGXFWDQFH
PRGHDQGWKHXWLOL]DWLRQHIILFLHQF\RIWKHFRQGHQVHULQFUHDVHVJUDGXDOO\ZLWKLQFUHDVLQJLQSXWSRZHUOHDGLQJWR
D FRQWLQXRXVO\ UHGXFHG V\VWHP WKHUPDO UHVLVWDQFH :KHQ WKH FRQGHQVHU XWLOL]DWLRQ HIILFLHQF\ UHDFKHV LWV
PD[LPXPYDOXHWKH/+3ZLOORSHUDWHLQWKHFRQVWDQWFRQGXFWDQFHPRGHDQGXQGHUWKLVFRQGLWLRQWKHV\VWHP
WKHUPDOUHVLVWDQFHZLOOPDLQWDLQDQDOPRVWFRQVWDQWYDOXH:KHQWKH/+3ZDVRSHUDWLQJZLWKDQDGYHUVHHOHYDWLRQ
RIRUPWKHV\VWHPWKHUPDOUHVLVWDQFHH[KLELWHGYHU\VLPLODUYDULDWLRQWUHQGVWRWKDWXQGHUKRUL]RQWDO
RULHQWDWLRQH[FHSWWKDWWKHV\VWHPWKHUPDOUHVLVWDQFHZDVREYLRXVO\KLJKHUDWVPDOOLQSXWSRZHUVZKLFKLVLQ
DJUHHPHQWZLWKWKHUHVXOWVLQ)LJ 
&RQFOXVLRQV 
,QWKLVZRUND/+3EDVHGFRROLQJV\VWHPZDVGHYHORSHGDQGWHVWHGZKLFKIHDWXUHGQRSRZHUFRQVXPSWLRQDQG
QRQRLVH([WHQVLYHH[SHULPHQWDOVWXGLHVZHUHFDUULHGRXWPDLQO\IRFXVLQJRQWKHVWDUWXSFKDUDFWHULVWLFVDQGV\VWHP
WKHUPDOUHVLVWDQFH%DVHGRQWKHH[SHULPHQWDOUHVXOWVDQGDQDO\VLVVRPHLPSRUWDQWFRQFOXVLRQVKDYHEHHQGUDZQ
DVVXPPDUL]HGEHORZ 
z $WVPDOOLQSXWSRZHUVWKH/+3EDVHGFRROLQJV\VWHPFDQVXFFHVVIXOO\UHDOL]HWKHVWDUWXSDQGPDLQWDLQWKH
VWDEOHRSHUDWLRQ7KH/+3EDVHGFRROLQJV\VWHPPD\VWDUWXSLQGLIIHUHQWVLWXDWLRQVDQGVRPHWLPHVHYHQLQD
PL[WXUHRI WZRVLWXDWLRQVZKHUHWKHNH\SRLQWVDORQJWKHORRSH[KLELWTXLWHGLIIHUHQW WHPSHUDWXUHYDULDWLRQ
FKDUDFWHULVWLFV 
z 6WDUWXSZLWKREYLRXVWHPSHUDWXUHRVFLOODWLRQLVREVHUYHGIRUWKLV/+3EDVHGFRROLQJV\VWHPZKLFKLVFORVHO\
DVVRFLDWHG ZLWK WKH HQHUJ\ LPEDODQFH RI WKH && LH H[FHVVLYH UHWXUQ VXEFRROLQJ OHDGV WR WKH HYDSRUDWRU
WHPSHUDWXUHULVHZKLOHLQVXIILFLHQWUHWXUQVXEFRROLQJUHVXOWVLQWKHWHPSHUDWXUHGURS 
z :LWKWKHILOPKHDWHUWHPSHUDWXUHQRWH[FHHGLQJćWKLVFRROLQJV\VWHPFDQGLVVLSDWHDKHDWORDGXSWR
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:WRWKHDPELHQWDWDWHPSHUDWXUHDERXWć RYHUDWUDQVSRUWGLVWDQFHRIP  
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/RRSKHDWSLSH 
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)LQUDGLDWRU 
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Fin 
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